Many antibiotic resistance genes present in human pathogenic bacteria are believed to 21 originate from environmental bacteria and conjugation of antibiotic resistance conferring 22 plasmids is considered to be one of the major reasons for the increasing prevalence of 23 antibiotic resistances. A hotspot for plasmid-based horizontal gene transfer is the 24 phyllosphere, i.e. the surfaces of aboveground plant parts. Bacteria in the phyllosphere might 25 serve as intermediate hosts with transfer capability to human pathogenic bacteria. In this 26 study, the exchange of mobilisable and self-transmissible plasmids via conjugation was 27 evaluated. The conjugation from the laboratory strain E. coli S17-1, the model phyllosphere 28 colonizer Pantoea eucalypti 299R, and the model pathogen E. coli O157:H7 ∆stx to the 29 recipient strain E. coli O157:H7::MRE103 ∆stx in the phyllosphere of Arabidopsis thaliana 30 was determined. The results suggest that short-term occurrence of a competent donor is 31 sufficient to fix plasmids in a recipient population of E. coli O157:H7::MRE103 ∆stx. The 32 spread of self-transmissible plasmids was limited after initial steep increases of 33 transconjugants that contributed up to 10% of the total recipient population. The here-34 presented data of plasmid transfer will be important for future modelling approaches to 35 estimate environmental spread of antibiotic resistance in agricultural production 36 environments. 37 38 Importance 39 This study investigated the transfer of antibiotic resistance conferring plasmids to 40 enteropathogenic E. coli on plant leaf surfaces. The results indicate that plasmid transfer may 41 be high within the first 24 hours after inoculation. Transconjugant populations are maintained 42 Conjugation dynamics on Arabidopsis thaliana rosettes 3/27 and stable for a considerable time frame on plant leaves, but invasion of the plasmid to the 43 recipient population is limited. 44 45
Conjugation dynamics on Arabidopsis thaliana rosettes 7/27 resuspended in 100 µL 1 × PBS, pipetted onto a nitrocellulose filter (0.22 µm pore diameter, 143 Millipore, USA), placed on top of LB agar plates, and were incubated at 30 °C. Bacteria were 144 harvested after 24 hours by placing the filter in an Eppendorf vial containing 1 ml 1 × PBS . 145 The vial was vortexed until the complete bacterial biomass was dislodged and resuspended. 146 From this suspension a serial dilution was prepared up to 10 -11 and 3 µL droplets were plated 147 onto M9 lactose agar containing appropriate antibiotics to select for transconjugant E. coli 148 O157:H7red. Conjugation data is known to be log-normal distributed, thus, transconjugant 149 and donor CFU numbers were log10 transformed before averages were calculated. 150 151 Plant growth 152 Arabidopsis thaliana Col0 seeds were surface-sterilized by adding 1 mL 70% EtOH to ~50 153 seeds. The seeds were incubated under constant agitation for 2 minutes, before they were 154 collected by centrifugation at 1,500 × g for 1 minute. The supernatant was discarded and 1 155 mL sterilization solution was added (1.17 mL bleach (12% NaOCl), 0.83 mL ddH 2 O, 20 µL 156 20% Triton X 100). The seeds were then incubated under constant agitation for five minutes 157 before they were collected by centrifugation at 1,500 × g for 1 minute. To remove residual 158 sterilization solution, the seeds were washed five times by adding 1 mL sterile water, 159 centrifugation, and dismissing the supernatant, after which 1 mL of sterile water was added. 160 For stratification, seeds were stored at 4 °C for four days. 161 For plant cultivation, all wells of 24-well microtiter plates were filled with 1 mL ½ strength 162 Murashige and Skoog (MS) agar (2.2 g L -1 MS powder including vitamins (Duchefa, The 163 Netherlands), 10 g L -1 sucrose, 5.5 g L -1 plant agar (Duchefa), pH adjusted to 5.8), after 164 which the plates were exposed to UV-light in a laminar flow for 15 minutes (Vogel et al. Bacterial strains were grown overnight on LB-agar plates containing appropriate antibiotics.
173
Freshly grown colonies of each bacterial strain were harvested using an inoculation loop, the 174 bacteria resuspended in 10 mL 1 × PBS, washed twice by centrifugation at 3,500 × g, and 175 resuspended in 1 × PBS. Optical density at 600 nm was determined for the cell suspensions.
176
For single strain growth experiments, the optical density of each strain was set to OD 600 nm 0.2 177 before 20 µL of bacterial suspension were pipetted onto the middle of individual plant 178 rosettes. For in planta conjugation experiments, donor and recipient were mixed in 1 × PBS 179 and 20 µL of the mixture were pipetted onto individual plants. The inoculation densities were 180 dependent on the experiment and inoculation densities ranged from OD 600 nm = 0.05, 0.1, 181 0.25, to 0.5 of donor and recipient. For experiments described in Figure 3 , donors and 182 recipients were each co-inoculated at an OD of 0.05. For experiments described in Figure 4 , 183 donors and recipients were mixed in ratios 1:2 (OD 600 0.05/ 0.1), 1:5 (OD 600 0.05/ 0.25), 1:10 184 (OD 600 0.05/ 0.5), 2:1 (OD 600 0.1/ 0.05), 5:1 (OD 600 0.25/ 0.05), or 10:1 (OD 600 0.5/ 0.05).
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For experiments described in Figure 5 , donors and recipients were mixed in ratios 1:1 (OD 600 186 0.05/ 0.05), 2:1 (OD 600 0.1/ 0.05), 5:1 (OD 600 0.25/ 0.05), or 10:1 (OD 600 0.5/ 0.05). The scalpel. Plants were transferred to pre-weighed 2 mL tubes and their weight was determined.
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To dislodge bacteria from plants, 1 mL 1 × PBS was added to a tube, vortexed for 15 194 seconds, and after 7 minutes of sonication vortexed again for 15 seconds. 100 µL of the wash 195 were spread on M9 lactose + appropriate antibiotic to select for transconjugants when EcS17-1 or 196 Pe299R were used as donors. When EcO157:H7 was used as a donor, transconjugants were 197 selected on LB rif + appropriate antibiotic . To extend the range of transconjugants detection, a 10-198 times dilution series was performed from the leaf wash and 3 µL droplets were placed on 199 appropriate agar selective for transconjugants. 
Growth dynamics of individual or co-inoculated bacterial strains in planta 222
To determine the ability of the different strains to colonize Arabidopsis, EcS17-1, 223 EcO157:H7red and Pe299R were inoculated onto gnotobiotic plants. When grown 224 individually, all bacterial strains including the auxotrophic laboratory strain EcS17-1 were 225 able to grow to high densities on Arabidopsis, reaching CFU counts of 10 8 -10 10 bacteria per 226 gram plant material (Fig. 2) . When EcS17-1 or Pe299R carrying either self-transmissible 227 plasmids RP4 or pKJK5 were co-inoculated with EcO157:H7red, population development of 228 individual strains behaved differently ( Fig. 3) . When co-cultured with EcS17-1, the 229 EcO157:H7red population reached similar densities as grown on Arabidopsis alone, i.e.
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EcO157:H7red multiplied to densities of >10 8 CFU g -1 and maintained those densities till the 231 end of the experiment. The EcS17-1 population reached or maintained densities of 232 approximately 5 × 10 6 CFU g -1 initially, but after seven days dropped below 10 6 CFU g -1
233
Conjugation dynamics on Arabidopsis thaliana rosettes 11/27 ( Fig. 3 A, B) . When in competition with Pe299R (pKJK5), the EcO157:H7 population never 234 reached densities of above 10 8 CFU g -1 , while Pe299R (pKJK5) reached densities above 235 10 9 CFU g -1 (Fig. 3 C) . In competition with Pe299R (RP4), EcO157:H7red reached densities 236 of approximately 10 8 CFU g -1 , and Pe299R (RP4) reached similar densities (Fig. 3 D) . When 237 EcO157:H7 represented donor and recipient, the combined EcO157:H7 population reached 238 cell numbers above 10 8 CFU g -1 (Fig. 4) .
240

Conjugation dynamics in planta 241
EcS17-1 was able to transfer pKJK5 and RP4 to EcO157:H7red on Arabidopsis ( Fig. 3 A, B) .
242
When co-inoculated for 24 h with EcS17-1 (pKJK5), on average more than 10 3 243 EcO157:H7red (pKJK5) transconjugants g -1 plant were detected. After an initial increase of 244 EcS17-1 to a maximum of >10 6 CFU g -1 , the population steadily declined. The 245 EcO157:H7red population increased by three magnitudes to 10 8 CFU g -1 and remained stable.
246
The average relative proportion of EcO157:H7red (pKJK5) transconjugants in the recipient 247 population slowly increased over time, but not significantly ( Fig. 3 E) . When co-inoculated 248 with EcS17-1 (RP4), ~10 2 EcO157:H7red transconjugants g -1 plant carrying RP4 were 249 detected after 24 hours. The initial population size of EcS17-1 was 10 7 CFU g -1 and the 250 population did not further increase and steadily declined during the experiment. The 251 EcO157:H7red population increased by two magnitudes to 5 x 10 8 CFU g -1 and remained 252 stable. The average relative proportion of EcO157:H7red (RP4) transconjugants in the 253 recipient population slowly increased over time, however not significantly (Fig. 3 E) . No 254 transconjugants could be detected after co-inoculation of Pe299R (pKJK5) and 255 EcO157:H7red (Fig. 3 C) . The initial population size of Pe299R increase from 10 6 CFU g -1 to 256 10 9 and the population did not further increase and steadily declined during the experiment.
257
The EcO157:H7red population increased by two magnitudes to 5 × 10 8 CFU g -1 and EcO157:H7red transconjugants were detected three days after inoculation. The frequency of 260 transconjugants remained stable after 7 days (Fig. 3 E) . were tested. Recipient and donor were mixed in ratios 1:1, 1:2, 1:5, and 1:10. Presumably due 269 to its auxotrophy, the donor was outcompeted by the recipient during the experiment and as a 270 consequence the probability over time for recipients to encounter donor cells decreases ( Fig.   271 4 A). A strong initial increase of EcO157:H7red transconjugants occurred within the first 24 272 hours ( Fig. 4 B) , which, while not statistically significant, shows a trend of higher 273 conjugation rates in the presence of increased donor densities. While the total EcO157:H7red 274 population was increasing by two magnitudes after 7 days post inoculation (d.p.i.), the 275 plasmid-bearing subpopulation increased only by roughly one magnitude, i.e. only one tenth 276 of the relative increase of the total EcO157:H7red population. The transconjugant frequency 277 reached 10 -4 per recipient cell after 7 days and did not decrease after 24 days, despite the lack 278 of selective marker and a potential fitness cost of the plasmid (Fig. 4 C) .
279
When comparing the transconjugant frequencies in the recipient population after treatment 280 with different donor densities, there is no significant difference between the different donor 281 and recipient ratios. However, similar to self-transmissible plasmids, we found a positive 282 trend between donor density and transconjugant frequencies after 24 hours (Fig. 4 D) . 285 To test the ability of self-transmissible plasmids to invade a population of E. coli O157:H7, 286 we inoculated several different densities of EcO157:H7 (RP4) donors and EcO157:H7 287 recipients onto Arabidopsis plants. Donors and recipients were mixed in ratios 1:2, 2:1, 5:1, 288 and 10:1 prior inoculation. All mixtures yielded >10 4 transconjugants per gram of plant after 289 24 hours ( Fig. 5 A-F) , which translates to transconjugant frequencies of 2.5 × 10 -2 to 9 × 10 -4 290 per recipient cell (Fig. 5 G) . Conjugation efficiency was barely impacted by the number of 291 recipients introduced to the system. If the number of donors was increased, a significant 292 decrease in conjugation efficiency was observed at a ratio of 10:1 donors to recipients. This 293 initial trend in plasmid spread is also impacting the development of the transconjugant 294 population. The transconjugant population was leveling off between 10 6 and 10 7 295 transconjugants per gram of plant ( Fig. 5 A-F) . In general, this relates to every 10th of the 296 recipient population being conjugated during the invasion population by the plasmid in each 297 treatment after seven days (Fig. 5 G) . At that time, the invasion of the plasmid leveled off.
Invasion of self-transmissible plasmids into a population of EcO157:H7 in planta
298
The data suggest a low correlation between the donor:recipient ratio and transconjugant 299 frequency after 24 hours (Fig. 5 H) . After co-inoculation of EcS17-1 containing different self-transmissible and mobilisable 328 plasmids with EcO157:H7red as recipient, transconjugants could be detected after 24 hours 329 ( Fig. 3 A, B and E) at high rates underlining the donor's ability to transfer plasmids on plant (Figures 3 A, B and 4 ).
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The extent to which the self-transmissible plasmid RP4 is able to invade the recipient 344 population was tested by using EcO157:H7 as donor and EcO157:H7red as recipient. After 345 an initial steep increase of the emerging transconjugant population, the transconjugant 346 population's increase exhibited a slope that was slightly higher than the overall recipient's 347 population increase. This indicates that the plasmid was horizontally propagating to new 348 recipients and not exclusively vertically to daughter cells during growth. Generally, after 349 three days of growth, the increase in transconjugants leveled off and the contribution of 
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When a non-self-stransmissible, but mobilisable plasmid is conjugated by EcS17-1, the 362 transconjugant population is not over-proportionally increasing in comparison to self-363 transmissible plasmids. This lack of increase is likely depicting a stable total population of 364 transconjugants that ceased in growth. As pUC18 does not contain the transfer machinery 365 necessary to further conjugate itself, EcO157:H7red transconjugants are incapable of 366 transmitting the acquired plasmid to other cells. As expected, the ability of the pUC18 to 367 invade the recipient population is limited and the transconjugant population is increasing 368 proportionally slower than the total recipient population. As the generation of new 369 transconjugants is limited by the presence of the donor strain and vertical transfer of the 370 plasmid from primary transconjugants to daughter cells, this can be interpreted as a cease of 371 growth or decrease of the donor population and a cease of growth of the primary 372 transconjugant population. Indeed, the donor population stopped growing after 1 day and 373 started to decrease after 7 days (Fig. 4 A) .
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In line with previous findings we observed that conjugation efficiency of plasmids was high 375 in the absence of antibiotic pressure (Lopatkin et al. 2016) . Even for mobilisable plasmids, 376 which only propagate vertically after the initial conjugation, we found that transconjugants 377 were not lost from the system, i.e. they were not outcompeted by the non-plasmid-bearing 378 population. This finding is concerning as it indicates that even low frequencies of plasmid 379 transfer on plant foodstuffs might fix a plasmid bearing antibiotic resistance in a population 380 of bacteria. 
